Abstract: Humic acid (HA) is an important soil component that can improve nutrient availability and impact other important chemical, biological. and physical properties of soils. We investigated the lability of phosphorus (P) in the mobile HA and calcium huinate fractions of four rice soils as measured by orthophosphate-releasing enzymatic hydrolysis and CV irradiation. Enzymatic hydrolysis releases hydrolyzable organic P. and CV irradiation abiotically releases P by breaking down phosphate-HA complexes. Less than 25% of the P in these fractions was detected 01 the soluble orthophosphate form (detectable soluble P 1 ). Enzymatic incubtition increased detectable soluble P, to 60% of total P. Treatment by CV irradiation alone released an additional 5% to 20% of humic-bound P compared with the untreated fractions. However, treatment by both CV irradiation and enzymatic hydrolysis released 0% to 14% of humiebound P more than the amount of organic P that was enzymatically released from nonirradiated samples. The smaller amounts of P that were released from some humic fractions by both CV irradiation and enzymatic hydrolysis than by CV irradiation alone indicated some overlap between CV-degradable organic P and enzymatically labile organic P. Generally. about one half to two thirds of humic P in these rice soils was labile. These data demonstrated that either assumption that no P in humie fractions was labile P or all P in htimic fractions was labile is not true. The lability of humie-bound P should be experimentally evaluated as reported in this work.
P hosphorus (P) is an essential element for all forms of life. It is involved in the biosynthesis of diverse cellular coniponents, including nucleic acids, proteins, lipids, and sugars. Phosphorus has long been known to be present in natural organic matter (NOM) from various sources and is found mainly in the huinic fractions (Stevenson. 1982) . However. information OTt the bioavailabilily or lability of NOM-bound P is very limited, although such information is critical for understanding the role of NOM in P cycling and nutrition (He et al.. 2006b; Mahieu et al.. 2000tt) . He et al. (2006b) demonstrated that biotic and abiotic release of P in NOM can be investigated by phosphatase hydrolysis and CV irradiation, respectively. Phosphatase activity is a significant mechanism for plant and microbial use of organic P in soil environments because phosphatase hydrolysis breaks the P-0-C bond, thereby converting oi'gailic P compounds into bioavailable inorganic phosphate (Tarafdar and Claassen, 1988;  'USDA-ARS. New England Plant. Soil, and Water Laboratory, Orono. ME 04469. Dr. He is corresponding author. E-mail: Zhongqi.IIe(dars. usda.go CSDA-ARS. National Soil Filth Lab. Ames, IA. Soil Science • Volume 174, Number 2, February 2009 Yadav and Tarafdar, 2003 : Senwo et al., 2007 . Thus, phosphatase hydrolysis of organic P in extracts of environmental samples provides an estimate of hydrolyzable (labile) organic P fractions in the environment (Pant ci al.. 1994 (Pant ci al.. , 2002 He et al., 2007) .
Ultraviolet irradiation is an abiotic mechanism for releasing inorganic P from complex P compounds in environmental samples (Franeko and Heath. 1979; Wetzel et al., 1995) . Ultraviolet light induced the release of P from Fe( lil)-P compounds through photoreduction, thus suggesting that sunlight could play a role in maintaining labile P in soils (Pant and Warman, 2000) . Hens and Merckx (2001) reported the presence of OMmetal-P complexes in colloidal solutions of sandy soils that could he released by fluoride addition. UV irradiation, and phosphatase hydrolysis. Ultraviolet irradiation also abiotically degraded some P fractions associated with purified hunlic substances into soluble inorganic P or more easily hydrolyzable organic P (He et al., 2006b) .
To address growing concerns of soil nutrient supply and system sustainability. long-term field trials of multiple rice cropping systems have been carried out in the Philippines (01k et al., 2000) . To investigate the structure-function relations of soil 0M in nutrient cycling, two humic fractions (i.e.. mobile humic acid [MHA] and calcium humate [Cal IA]) were extracted from soils collected from these field trials. These fractions are distinguished based on their binding with soil Ca. The MHA fraction is not bound by Ca and is enriched in relatively young labile materials (01k, 2006) , including diester P (Mahieu et al.. 2000a) , arnide N (Mahieu et al.. 2000b) , and lignin-derived phenols (01k et al., 2002) . The CaHA fraction is bound to soil Ca, and it is composed of relatively older more humilied materials. In these studies, both fractions were more responsive than was total soil OM in quantity and chemical nature to recent management for tropical lowland rice soils, and N fertilizer cycled more quickly through both fractions than total soil OM during one rice growing season (01k et al., 2006) . These statemerits are much more true for the MHA fraction than for the CaHA fraction. Hence. these distinct fractions appear to contain relatively labile materials, which encourage the study of the chemical forms of their nutrient stocks.
Therefore, we hypothesized that not all P associated with these humic fractions were equally labile, and furthermore, the degrees of biotically and abiotically labile P could be measured by phosphatase hydrolysis and CV irradiation, respectively. Information obtained in this work would be helpful in answering the question whether humic matter calTies P in its molecule in adequate amounts for plant growth (Tan. 2003) .
MATERIALS AND METHODS

Humk Samples
The field trials that were sampled for this study involved continuous cropping of irrigated lowland rice and were located at the International Rice Research Institute in Los Baiios, Laguna. Philippines. They were described in detail by 01k et al. (2000) . Briefly, the field soils were collected from the triplecropped Long-term Continuous Cropping Experiment (3-crop), the double-cropped Long-Term Fertility Experiment (2-crop), and a rain-fed rice field that had not been flood irrigated for several years before sampling (dryland). In the 2-crop and 3-crop fields, soils receiving nonlimiting application rates ofNPK fertilizer were sampled (NPK and High N, respectively) , and in the 2-crop field, soil that did not receive NPK fertilizer was also sampled (control). Soil types have not been mapped within these fields, but all soil were of clay or silty clay texture and were slightly acid (pH 6.2-6.8) (Mahieu et al., 2000a) .
Details of the extraction of humic fractions from these soils were in Mahieu et al. (2000a) . Briefly, the MHA was exracted by overnight incubation of the soil in 0.25 MNaOH. The soil residues were then decalcified by repeated 0.2 M hydrochloric acid washings until the pH of the washing supernatant was less than 2.0. The CaHA fraction was extracted from the washed soil residues by another overnight extraction in 0.25 M NaOH. Both fractions were then purified of soil and salt contaminants through HF washing and dialysis in acid and water solutions, and finally they were lyophilized. In these field soils, the MHA fraction contained 9% to 13% of total soil C, and the (aHA fraction contained 6% to 8%.
Humic fractions of each of the 2-crop replicate fields were used in this study. However, composite fractions of replicate 3-crop or dryland fields were analyzed in duplicate in the laboratory because of the limited amounts of available material. Thus, the S.D. of the data for 2-crop fields represented the field variation within treatments, and those of 3-crop and dryland fields demonstrated the variability in the laboratory measurements.
Stock solutions of these field replicate (2-crop) or composite (3-crop and dryland) humic fractions were made in 0.05 MNaOH based on 10 mg of dry matter L' stock solution and kept at 4 °C until use. Part of the stock solutions was used for analysis of P and other selected elements by inductively coupled plasma-atomic emission spectroscopy, and the results were listed in Table 1 .
Enzymatic Hydrolysis
Potato phosphatase, type IV-S acid phosphatase (EC 3.1.3.2), and fungal phytase (EC 3.1.3.8) from Aspergillus /icuuin were purchased from Sigma (St Louis, MO). Lyophilized nuclease P1 (EC 3.1.30.1) from Penicilliuni citrinuni was purchased from Roche Diagnostics Corporation (Indianapolis, IN). One unit (U) of enzyme activity was defined as the liberation of 1.0 !J.mol/L of the relevant product from appropriate substrates at appropriate incubation conditions based on the supplier's information. The stock solutions of potato phosphatases (10 U mL') and phytase (7 U mL) were dispensed in microcentrifhge vials in I mL each and stored at -20 °C until use. Nuclease P1 was purchased in bottles containing 1 or 5 mg, and the buffer was directly added into the bottle to obtain an activity concentration of 960 U mL -. Enzyme solutions were stored per manufacturer's instructions.
All enzymatic incubations were carried out at 37 °C for 20 h in a refrigerator-shaker (250 r.p.m.). Each incubation mixture (0.180 ml-) contained 0.045 mL of an enzyme-buffer working solution (final concentration 100 mmol/L sodium acetate buffer, pH 5.0, potato phosphatase 0.25 U mL, fungal phytase 0.25 U mL ,and nuclease P1 5 U mL_t, separately or in combination) and an appropriate amount of a stock humic fraction based on 10 mg P Li incubation mixture (He et al.. 2004 (He et al.. , 2006b ). Sufficient distilled water was included in the incubation mixture to make the final volume of 0.180 mL. After a 20-h incubation interval at 37 °C, soluble inorganic P (P) in these mixtures was determined as later described. Recent cross examination of the solution 31 P-NMR spectra of poultry litter extracts before and after enzymatic incubation indicated that the enzymatic hydrolysis of relevant organic P species was completed under the established experimental conditions (He et al., 2008) .
UV Irradiation
For UV irradiation treatments, 1.0 to 1.2 mL of humic stock solutions (pH 5.0) was placed in a closed I .5-mL quartz cuvette (1-cm light path with 4.5 cm high). A Spectroline 1 ISC-l short wave UV pencil lamp (254 nm, 4.5 mW cm 2 , 5.5-cm high, Spectronics Corporation, Westbury, NY) was placed near the cuvette (1 cm away), and the sample was irradiated for 4 It at 22 °C (He et al., 2006b ). The irradiated samples were then subjected to enzymatic hydrolysis as previously described.
Soluble Inorganic P Determination and Designation of Labile P Forms
Soluble inorganic orthophosphate (soluble P3 in the reaction mixtures was directly quantified by a modified molybdenum blue method (He and Honeycutt, 2005) . Specifically, 50 or 25 1iL of an incubation mixture was mixed with an appropriate amount of water to make a final 0.320 mL of assay solution in a I .5-mL disposable cuvette. The volume of incubation mixture was chosen to keep the absorbance readings of these samples less than 0.7 at 850 nm. Sodium dodecyl sulfate (20%, 0.1 mL), reagents A (0.1 M fresh ascorbic acid and 0.5 M trichloroacetic acid, 0.4 mL). B (0.01 Mammonium molybdate. 0.08 nsL), and C (0.1 M sodium acetate, 0.2 M sodium arsenite, and 5% acetic acid, 0.2 mL) for P determination were then added to make a final volume of 1.1 mL. Soluble P i was determined after 15 mm of the addition of reagent C (He and Honeycutt, 2005) . Blank absorption caused by colored humic substances (absorbance from 0 to 0.07 at 850 nm) was measured in an aliquot lacking the color reagent (i.e., an ascorbic acid solution). A correction was made for the humic-induced absorption by subtracting it from the absorption measured for all samples in the presence of the color reagent. Soluble P, determined in the absence of enzymes was designated labile inorganic P. Labile organic P was the increase in Pi determined after the enzymatic incubation together with the three enzymes. Ultraviolet labile inorganic P was the difference in P i determined with and without UV irradiation in the absence of enzymes. Ultraviolet labile organic P was the difference between P, determined with UV irradiation in the presence of enzymes and the sum of labile organic P and UV labile inorganic P. Recalcitrant P was calculated as the difference between total P and the sum of the other identified P forms as previously described.
RESULTS
Elemental Analysis of Humic Fractions
Contents of P and six metals that may interact with phosphate (He et al., 2006a; He et al., 2006b; Tang et al., 2006 Increase in soluble P 1 for humic fractions from 3-crop and dryland soils after combined enzymatic hydrolysis. P indicates control in the absence of enzyme; P +1,, hydrolysis by potato phosphatase; P20, hydrolysis by potato phosphatase + phytase; P *3 e, hydrolysis by potato phosphatase + phytase + nuclease P1. Data are the averages of laboratory duplicates with S.D. Symbols *, and represent significance of enzymatic treatments of soluble P i measurement at specific humic materials or significance of soluble P, measurement among the four humic materials with the same enzymatic treatment at P = 0.05, 0.01, and 0.001, respectively. ns represents no significant difference at P = 0.05. are listed in Table I . The P content of these humic fractions ranged from 1.46 to 3.74 g kg -1 dry matter. The P content of the dryland MHA appeared to be greater than that of the CaHA for the same soil, consistent with the results of Mahieu et al. (2000a) . No apparent difference in P content was observed between the MHA and CaHA fractions for the other soils. The contents of Mg, Mn, and Zn were low in all humic fractions. In both humic fractions, Ca content was much less than P content. In fact, these fractions contained more Fe and sometimes more Al than Ca (Table I ). All CaHA fractions contained more Al and Fe than their MHA counterparts. The CaHA fractions from the 2-and 3-crop soils had at least 10-fold more Fe than the MHA fractions of these soils. The CaHA and MHA of the dryland rice soil contained the least Fe, with 1.07 and 0.54 g Fe kg' dry matter, respectively. Interestingly, the Ca content of the two dryland fractions was the highest.
Hydrolysis of P in Humic Fractions From 2-Crop Rice Soils by a Single Enzyme
Both humic fractions from the unfertilized control soil of the 2-crop field contained 21.1% of total Pas soluble P (Fig. I) . Also for the 2-crop soil with NPI( fertilizer, soluble P represented comparable proportions of total P for the MI-IA (19.2%) and CaHA (22.7%). Enzymatic incubation released hydrolyzable P,, from these humic fractions, as the content of P, increased after enzymatic incubation (Fig. 1) . Incubation with potato phosphatase alone released an additional 5.1 0/u to 8.5% of total P from these humic fractions. Incubation with fungal phytase released more humic-associated P as soluble P i as 50.7% to 52.0% of total P in the MHA and CaHA fractions with both soil treatments was detected after incubation with the fungal enzyme (Fig. I) . represents significance of enzymatic treatments of soluble P 1 measurement at specific humic materials at P = 0.001. ns represents no significant difference in soluble P, measurement among the four humic materials with the same enzymatic treatment at P = 0.05.
Hydrolysis of P in Humic Fractions From 2-Crop Rice Soils by Enzyme Combinations
The combination of potato phosphatase and fungal phytase was more effective than either enzyme alone in hydrolyzing humic-bound organic P. The content of soluble P 1 after incubation with both enzymes ranged from 57.8% to 58.4% of total P in the MHA and CaHA fractions for both fertilizer treatments (Fig. I) . These amounts represented an additional 28.8% to 32.0% or 5.1% to 8.1% ofhumic P that was hydrolyzed beyond that hydrolyzed by potato phosphatase or fungal phytase alone, respectively. When phytate-like P is defined as the difference between these amounts and simple monoester P (the amount of P hydrolyzed by potato phosphatase alone), all the humic fractions from 2-crop soils contained about 30% of total P as phytate-like P. Further inclusion of nuclease P1 with the two enzymes did not greatly increase soluble P, further (Fig. 1) , indicating only small amounts (0%-4.2%) of polynucleotide-like P compounds in these humic fractions.
Enzymatic Hydrolysis of P in Humic Fractions From 3-Crop and Dryland Rice Soils
Without any enzymatic hydrolysis, the content of soluble P was 16.5% and 23.2% of total P in MHA fractions from dryland and 3-crop high-N rice soils, respectively (Fig. 2) . The content of soluble P i was 19.7% and 25.1% of total P. respectively, in the CaHA fractions, slightly greater than their corresponding MHA fractions. Incubation with potato phosphatase increased soluble Pi to 23.4% and 26.7% of total P in the MHA fractions for the dryland and 3-crop high-N soils, respectively, and 39.5% and 34.8% of total P in the two Cal-IA fractions. Similar to the humic fractions of the 2-crop rice soils, soluble P, for the diyland and 3-crop high-N humic fractions increased greatly after incubation with the combination of potato phosphatase and fungal phytase; the percentage of total P measured as soluble P i reached 47.1% and 52.4% for the MHA fractions and 54.2%and 60.5% for the CaHA fractions, respectively (Fig. 2) . Again, there was little difference in soluble P, detected after the 2-and 3-enzyme incubations. Whereas there was no significant difference in P, in control, each type of hydrolyzable organic P changed significantly in amount across all humic fractions (Fig. 2) . Another observation is that in the dryland CaHA, simple monoester P was 19.8% of total P. in contrast to the range of 3.5% to 9.7% in other samples. Interestingly, the amount of monoester P in the dryland CaHA as detected by solution 31 P-NMR spectroscopy (Mahieu et al., 2000a) was also remarkably higher than for the other fractions.
Effects of UV Irradiation on P Release From Humic Fractions
After a 4-h liv irradiation of humic fractions from 2-crop rice soils, the percentage of total P in soluble P, was 26.7% and 25.3% for the MI-IA and CaHA of the control soil, and 23.9% and 27.6% for the MI-IA and CaHA of the NPK soil, respectively (Fig. 3) . The changes with irradiation represented an increase in soluble Pi of 4.7% to 5.6% of total P compared with nonirradiated samples (Table 2) . Further enzymatic incubation released more P from the UV-irradiated materials. The pattern of enzymatic hydrolysis was similar to that of the nonirradiated materials: the combination of potato phosphatase and fungal 32.3b "Data are the averages of four field replicates. bData are the averages of three field replicates. Data are the averages of two laboratory replicates. dAserages within one column followed by the same letter do not differ significantly at P < 0.05. Symbols .
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difference between P and P. changes induced by liv irradiation at P = 0.05. 0.0 1, and 0.001, respectively. phytaSe released the greatest amounts of humic-associated P among the three enzymatic treatments. After incubation with enzyme combinations, the percentage of soluble P i increased to 68.1% of total P in the 2-crop control MHA compared with 57.2% for the corresponding nonirradiated fraction (Fig. 3) . The net change in labile organic P caused by UV irradiation was positive (6.3%) for the 2-crop control MHA ( Table 2 ). The effects of UV irradiation on humic fractions of the dryland and 3-crop rice soils (Fig. 4) were similar to those on humic fractions of the 2-crop soils. However, it is worth noting the case of dryland CaHA. Ultraviolet irradiation increased soluble P i in dryland CaHA from 19.7% to 39.5% of total P, representing the greatest increase (19.8%) in all humic fractions of this study (Table 2 ). This large increase seems to be caused not only by the breakdown of P-humic complexes by UV ::±II;
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Call,'. high 'I Mll'\ hh ',(aii \ FIGURE 4. Soluble P, for humic fractions from 3-crop and dryland soils after UV irradiation. P-e indicates UV irradiation only; P+,p, hydrolysis by potato phosphatase; Pc2e, hydrolysis by potato phosphatase + phytase; P +3e, hydrolysis by potato phosphatase + phytase + nuclease P1. Data are the averages of laboratory duplicates with S.D. Symbols *, and *** represent significance of enzymatic treatments of soluble P 1 measurement at specific humic materials, or HA is an important soil component that can improve nutrient availability and impact other important chemical, biological, and physical properties of soils. We investigated the lability of P in the MHA and CaHA fractions of four rice soils as measured by orthophosphate-releasing enzymatic hydrolysis and UV irradiation. Enzymatic hydrolysis releases hydrolyzable organic P, and UV irradiation abiotically releases P by breaking down phosphate-HA complexes. Less than 25% of the P in these fractions was detected in the soluble orthophosphate form (labile P 1 ). Enzymatic incubation increased labile P to 60% of total P. Treatment by UV irradiation alone released an additional 5% to 20% of humic-bound P compared with the untreated fractions. However, treatment by both UV irradiation and enzymatic hydrolysis released 0% to 14% of humic-bound P more than the labile P1 that was enzymatically released from nonirradiated samples. The smaller amounts of P that were released from some humic fractions by both UV irradiation and enzymatic hydrolysis than by UV irradiation alone indicated some overlap between UVdegradable organic P and enzymatically labile organic P. Generally, about one half to two thirds of humic Pin these rice soils was labile. This information has potential use for managing P availability for more efficient crop utilization of that P. Symbol *, **, and *** represent significance of soluble P i measurement among the four humic materials with a same enzymatic treatment at P= 0.05, 0.01, and 0.001, respectively. Symbol ns represents no significant difference at P = 0.05. irradiation, but also by the direct release of soluble P, from P 0-humic complexes. The difference in soluble P, before and after incubation with potato phosphatase was 8.0% with the UVirradiated sample, much less than the 19.8% difference in the nonirradiated dryland Cal-IA (Fig. 2) .
DISCUSSION
Both MHA and CaHA fractions used in this study were fractionated by an established procedure (01k, 2006) . This chemical extraction of soil OM fractions is based on their binding to polyvalent soil cations. The MHA fractions extracted under NaOH conditions are considered to be chemically less tightly bound, and the CaHA fractions subsequently extracted under the same conditions after acid (hydrochloride) wash are considered to consist of more recalcitrant materials (01k. 2006) . Although the Cal-IA is classified as calcium humate because in soil it is bound to Ca (01k. 2006), it should be recognized that the Ca contents in the CaHA fractions were equivalent to or only slightly greater than those in the MHA fractions. Consequently, the word calcium in CaHA fractions refers to the indigenous status of these humic materials but does not imply an enriched Ca content in the purified CaHA fractions. In this study of Philippine rice soils, we found considerably greater amounts of Al and Fe in the CaHA fractions than in the MHA fractions, which has not been reported previously (Mahieu et al.. 2000a) . In the few studies that applied the same MHA and Cal-IA extraction procedures, 01k et al. (1995) reported that both fractions from a calcareous venTliculitic soil obtained from a cotton field in California had a similar Al content, whereas the Fe content of the Cal-IA was 8-fold greater than that of the MHA fraction. No other data on metal content of these fractions are available. From the limited available information, it seems that greater amounts of trivalent metals are present in the CaHA fraction than in the MHA fraction, which suggests that part of the Cal-IA is bound to trivalent cations. The structures of metal(1lI)-CaHA complexes and their stability toward nutrient cycling and availability would be an interesting topic for further research.
To identify the biodegradability of P in the two humic fractions, three enzymes were used to hydrolyze organic P associated with humic fractions. Potato acid phosphatase is able to catalyze the hydrolysis of most phosphomonoesters tested except for phytate (He et al., 2004) . Fungal phytase catalyzes the hydrolysis of phosphomonoesters and phytate (Hayes et al., 2000: He and Honeycutt, 2001) . Nuclease P1 does not directly cleave the P-0 bonds in organic P compounds, but instead endonucleolytically cleaves polynucleotide bonds in RNA and DNA (Palmgren et al., 1990) . However, the P-0 bond in nuclease-cleaved mononucleotides can be released by phosphomonoesteraSes to produce P (He and Honeycutt. 2001; He et al., 2004) . Phytase or the combination of phytase and potato phosphatase hydrolyzed 15% to 41% of humic P in the eight samples, whereas potato phosphatase alone released only 2% to 10% of humic P (except 200/0 for dryland CaHA) and nuclease Pt did not substantially increase the amount of hydrolyzed P (Figs. 1, 2) . Therefore, we can conclude that most of the enzymatically hydrolyzable P was phytate-like P. The greatest portion of phytate-like P could be phytate, which is a major organic P form in some precursors of soil OM, such as animal manure , and soil extracts (He et al., 2004; Otani and Ac. 1999) . Another possibility is that the Pbonding environment in humic fractions is similar to the complicated intramolecular multiple-P structure of phytate (He et al.. 2006a ), thus making humic P a substrate of phytase. Working with solutions of sandy soils. Hens and Merckx (2001) reported that 10% to 43% of molybdate-unreactive P with high molecular mass was decomposable by added phytase. He ci a]. (2006b) observed that incubation with fungal phytase hydrolyzed P in both low-and high-molecular-mass hurnic and fulvic fractions from the Elliot soil in amounts that were 8% to 17% of total P.
The presence of detectable soluble P (about 20% of total P) in these humic fractions is consistent with previous observations (He et a] , 1995) . In this study, we observed that the net amount of humic P that was released by UV irradiation ranged from none in the 2-crop control Cal-IA to a maximum of 13.5% of total P in the dryland Cal IA (Table 2 ). This remarkably high value for dryland Cal-IA was moreover the difference between 19.8% of total P that was measured as soluble P 1 and a decrease in F,, by 6.2% of total P. Indeed, among six of the eight samples. negative changes of labile organic P were observed after UV irradiation (Table 2 ). These observations suggest some overlap between UVdegradable organic P and enzyme-hydrolyzable organic P in some hurnic fractions. By contrast, Zhou et al. (2004) proposed that UVsensitive P is most likely a functional group of labile P that is distinct from enzyme-labile P. Therefore, humic fractions have not only UV-sensitive humic inorganic P complexes as proposed previously Heath, 1979. 1982) , but also UV-sensitive humic organic P complexes. Ultraviolet-labile P in 2-crop control Cal-IA and 3-crop high-N CaHA may have consisted entirely of organic P. as their labile P 1 increase caused by UV irradiation was roughly equal to their P, decrease (Table 2 ). In sumnmaiy, the effects of UV irradiation on P lability in humic fractions varied greatly: a large effect with the 2-crop control MHA and diyland Cal-IA was caused by the presence of both UV-labile P1 and P0, whereas a minimal effect with the 2-crop control Cal-IA and 3-crop high-N Cal-IA was caused more by the breakdown of-hydrolyzable organic P by UV irradiation.
Generally, about half of luimic P in the eight samples was labile P (Table 2 ). This proportion was not clearly affected by cropping practices. Labile P was slightly higher in all Cal IA fractions than in the corresponding MI-IA fractions (Table 2) . Another common observation was the negative values of UVlabile organic P in the Cal-IA fractions (Table 2) but not in the MI-IA fractions. The CaHA fractions also contained more Fe than the corresponding MHA fiactions (Table I) . Therefore, we hypothesize that humic-Fe(llI)-organic P complexes were present in these CaHA fractions. Some Fe and Al humates or fulvates have already been reported (Tan. 1978) . and UV irradiation of Fe(IIl)-P compounds induced P release (Francko and Heath. 1982; Pant and Warman. 2000) . Pant ci al. (1994) correlated the P concentrations of soil extracts with the summed concentrations of solution Fe and Al. which emphasizes the important role of organic-metal-P complexes (Pant et a] ., 1994). The decreases in labile organic P with irradiation of some humic fractions suggested that part of hydrolyzable organic P associated with humic substances was directly broken down to soluble P. rather than free P,,.
About 32% to 47% of humic P was not characterized by the approach used in this study and was designated as recalcitrant P (Table 2 ). This portion of P could be (I) tightly huniic-bound inorganic P. (2) organic P that was not a substrate of the enzymes used in this study, or (3) protected from enzyme attacks. He et al. (2006b) demonstrated the occurrence of tightly bound inorganic P in a peat by measuring only 10% to 17 0% of the total P in extracted humic and futvic acids as enzyme-hydrolyzable P. whereas solution 31 P-NMR analysis detected solely orthophosphate. In other words, 83 1/0 to 90% of total P in the humic and fulvic fractions was tightly bound inorganic P. This work demonstrated that humie-bound Pin these rice soils was more labile than huniicbound P that originated from peat.
CONCLUSIONS
The lability of P present in two types of humic fractions, MHA and recalcitrant CaHA was investigated by phosphatase hydrolysis and UV irradiation. These huinic fractions from rice soils under ditlèrent cropping managements contained P in a range from 1.46 to 3.74 g P kg ' of dry matter. Previously, humic matter is not considered to carry P in its molecule in adequate amounts for plant growth (Tan. 2003) . Our data indicated that part (I 6.5 0 /,,-25. 1%) of P in our huinic fractions from agricultural soils was loosely bound soluble inorganic P. and additional 36.2% to 49.0% of P become soluble inorganic P after phosphate hydrolysis and/or UV irradiation. These data demonstrated that either assumption that no P in humie fractions was labile P or all P in humic fraction was labile in not true. This work reported an appropriate means to evaluate the lability of hunlic-bound P.
